How sucrose transporters (SUTs) regulate phloem unloading in monocot stems is poorly understood and particularly so for species storing high Suc concentrations. To this end, Sorghum bicolor SUTs SbSUT1 and SbSUT5 were characterized by determining their transport properties heterologously expressed in yeast or Xenopus laevis oocytes, and their in planta cellular and subcellular localization. The plasma membrane-localized SbSUT1 and SbSUT5 exhibited a strong selectivity for Suc and high Suc affinities in X. laevis oocytes at pH 5-SbSUT1, 6.3 6 0.7 mM, and SbSUT5, 2.4 6 0.5 mM Suc. The Suc affinity of SbSUT1 was dependent on membrane potential and pH. In contrast, SbSUT5 Suc affinity was independent of membrane potential and pH but supported high transport rates at neutral pH. Suc transport by the tonoplast localized SbSUT4 could not be detected using yeast or X. laevis oocytes. Across internode development, SUTs, other than SbSUT4, were immunolocalized to sieve elements, while for elongating and recently elongated internodes, SUTs also were detected in storage parenchyma cells. We conclude that apoplasmic Suc unloading from de-energized protophloem sieve elements in meristematic zones may be mediated by reversal of SbSUT1 and/or by uniporting SWEETs. Storage parenchyma localized SbSUT1 and SbSUT5 may accumulate Suc from the stem apoplasms of elongating and recently elongated internodes, whereas SbSUT4 may function to release Suc from vacuoles. Transiting from an apoplasmic to symplasmic unloading pathway as the stem matures, SbSUT1 and SbSUT5 increasingly function in Suc retrieval into metaphloem sieve elements to maintain a high turgor to drive symplasmic unloading by bulk flow.
In most herbaceous crop plants, photoassimilates fixed in source leaves are loaded into the collection phloem as Suc, which is translocated through the transport phloem by a pressure flow mechanism to supply carbon substrate for sink growth and/or storage (Münch, 1930) . A portion of the translocated Suc is unloaded along the transport phloem linking collection phloem of leaf minor veins with release phloem in terminal sinks, such as shoot/root apices and developing tubers, fruits, and seeds. While there is a growing mechanistic understanding of phloem unloading into terminal sinks, unloading from the transport phloem has attracted less attention. This status particularly applies to stems of monocot species that accumulate Suc to high concentrations such as sugarcane (Saccharum officinarum) and sweet Sorghum (Slewinski, 2012; Grof et al., 2014) , in which stem storage is the predominant sink, limited by its capacity to accumulate Suc (Watt et al., 2013) .
Transport phloem of monocot stems traverses their intercalary meristems, located immediately above the basal node of each elongating internode, cell elongation and mature zones. Hence, Suc unloaded from the transport phloem supports stem growth (cell division and expansion) and storage (elongating and mature zones; Milne et al., 2015) . Apoplasmic phloem unloading into the intercalary meristem occurs from symplasmically isolated protophloem sieve elements (PSEs) that extend into the elongation zone (Milne et al., 2015) . Metaphloem sieve element-companion cell (SE-CC) complexes replace PSEs in the deaccelerating zone of cell elongation. Plasmodesmal interconnections between cells located along a radial unloading pathway from these SE-CC complexes to the surrounding storage parenchyma (SP) cells suggest a potential for symplasmic unloading (Walsh et al., 2005) . Indeed, symplasmic phloem unloading of membrane-impermeant fluorochromes has been detected in mature stem zones of sugarcane (Rae et al., 2005) and sweet Sorghum cv Rio (Milne et al., 2015) as well as rice (Oryza sativa; Scofield et al., 2007) and wheat (Triticum aestivum; Aoki et al., 2004) . In contrast, for another cultivar of sweet Sorghum, Wray, no evidence of symplasmic phloem unloading could be detected (Bihmidine et al., 2015) . Interestingly, Wray stems exhibit a less pronounced thickening of the walls of bundle sheath and SP cells (Bihmidine et al., 2015) compared to Rio (Milne et al., 2015) . This suggests these cultivar differences may arise from the degree to which a cell wall barrier develops to attenuate radial transport through the stem apoplasm from the vascular bundles to the SP cells.
The above analysis points to a central role played by plasma membrane sugar transporters in facilitating radial apoplasmic transfer of Suc or its hexose derivatives derived from hydrolysis of apoplasmic Suc by cell wall invertase (Grof et al., 2014) , from SE lumens to SP cells in the intercalary meristems, elongating and transition zones of monocot stems. In some sweet Sorghum cultivars, this scenario could extend to mature stem zones (Bihmidine et al., 2015) . Release of Suc across the plasma membranes of the PSEs or SE-CCs to the phloem apoplasm could occur by simple diffusion driven down transmembrane Suc concentration gradients (Patrick, 2013b ) by reversal of de-energized Suc/ proton symporters (Carpaneto et al., 2005) or possibly facilitated by the newly discovered family of Suc uniporters, SWEETs (e.g. Le Hir et al., 2015) . In Arabidopsis (Arabidopsis thaliana) stems, phenotypes of knockout mutants of AtSUC2, a plasma membrane Suc/proton symporter localized to CCs (Stadler and Sauer, 1996) , demonstrated that the transporter functions to retrieve Suc leaked to the phloem apoplasm (Srivastava et al., 2008; Gould et al., 2012) . Similar roles might apply to SUT3 clade members localized to SE-CC complexes of mature stems of wheat and rice (Aoki et al., 2004; Scofield et al., 2007) . Suc released to the stem apoplasm could be hydrolyzed by cell wall invertases active in the intercalary meristem and elongation zone of sugarcane stems (Grof et al., 2014) and taken up by hexose/proton symporters (Casu et al., 2003) or SWEETs expressed by SP cells (Sosso et al., 2015) . Transitioning to a mature state, cell wall invertase activity decreases (Grof et al., 2014) , and uptake from the stem apoplasm by SP cells is likely to be mediated by Suc/proton symporters. In this context, ShSUT1 was highly expressed in maturing internodes of sugarcane and was localized to cells surrounding vascular bundles (Rae et al., 2005) . Since the Suc storage compartment in SP cells are their vacuoles (Grof et al., 2014) , Suc loading of vacuoles could be a key element in determining levels to which Suc accumulates. Significantly, expression of Sorghum tonoplast sugar transporters (TSTs), but not that of SUTs or SWEETs, was found to be positively correlated with Suc accumulation in Sorghum stems (Bihmidine et al., 2016) .
The primary focus of the reported study was on deducing the roles SUTs play in unloading Suc from the transport phloem during the key phases of internode development in sweet Sorghum by determining their functional transport properties, expression patterns, and cellular/subcellular localization. SbSUT1 was expressed preferentially in mature internode regions, whereas SbSUT5 was highly expressed midway through internode development. Both transporters localized to the plasma membrane and exhibited complementary functional properties-SbSUT5 demonstrated a high Suc affinity that was independent of pH and membrane potential, whereas SbSUT1 had a lower Suc affinity that was dependent on pH and membrane potential. SbSUTs immunolocalized to PSEs may function via reversal of transport direction to efflux Suc (Carpaneto et al., 2005) , whereas those localized to mature SEs are likely to retrieve leaked Suc, maintaining high Suc concentrations within the SE lumen.
RESULTS

Functional Characterization of SbSUTs
SbSUT1 and SbSUT5 were transport competent when their encoding genes were heterologously expressed in yeast cells and Xenopus laevis oocytes (Fig. 1 , A, C, and D). In contrast, SbSUT4 did not transport Suc in yeast cells (Fig. 1, A and B) or oocytes (data not shown). SbSUT1 and SbSUT5 likely function as Suc/ proton symporters as the protonophores, carbonyl cyanide m-chlorophenyl hydrazone (CCCP) and 2,4-dinitrophenol (DNP) reduced [
14 C]Suc uptake in transformed yeast (Fig. 1F) . Additionally, Suc-induced currents in oocytes expressing SbSUT1 or SbSUT5 were consistent with Suc/proton symport activity (Fig. 1, C and D, versus Fig. 1E) . DEPC negatively impacted Suc transport by SbSUT1 and SbSUT5 (Fig. 1F ), presumably by binding to their conserved His-65 residue known to compromise Suc transport ability (Lu and Bush, 1998) .
Suc transport by SbSUT1 was optimal at pH 5 in yeast and oocytes, whereas SbSUT5 exhibited transport optima at pH 7 in yeast and pH 5 in oocytes (Supplemental Fig. S1 ). In the yeast experiments, membrane potential was not controlled (it was clamped in the oocyte experiments). Membrane potential does affect transport rate and it may have been different in yeast at different pH values and influenced SbSUT5 transport rate. Suc affinity of SbSUT1 was strongly pH dependent (Fig. 2, A and B) , while that of SbSUT5 was pH independent (Fig. 2, C and D) .
SbSUT1 and SbSUT5 showed linear current-voltage relations at both pH 5.6 and pH 7 (Supplemental Fig.  S2 ), indicating that regulation of transport activity by membrane potential was not observed under these conditions. Suc affinity of SbSUT1 was voltage dependent at pH 7 but not pH 5.6 (Fig. 2E) , while SbSUT5 was voltage independent at both pH 7 and 5.6 (Fig. 2F) . Interestingly, unlike its affinity for Suc, the affinity of SbSUT5 for maltose was both pH and voltage dependent at pH 7 (Supplemental Fig. S3 ).
The SbSUTs were highly selective for Suc (Supplemental Fig. S4 ) similar to sugarcane and rice SUTs (Reinders et al., 2006; Sun et al., 2010) . All sugars transported by SbSUTs were glucosides (although not all glucosides tested were transported), suggesting that their substrate-binding site requires Glc for recognition. SbSUT1 (Supplemental Fig. S4A ) exhibited a slightly narrower substrate specificity compared to SbSUT5 (Supplemental Fig. S4B ).
Stem Expression Profiles of SbSUTs and SbTSTs
Transcript levels of SbSUTs and SbTSTs were quantified in developmental zones of elongating Internode 10 and fully elongated Internode 4 at booting (detailed in Supplemental Fig. S5 ). In elongating Internode 10, SbSUT1 expression was restricted to the transition zone and transcript levels doubled in the mature zones of fully elongated Internode 4 (Fig. 3A) . In contrast, SbSUT4 was expressed throughout all internode zones with transcript levels being 3-fold higher within the transition zone of elongating Internode 10 and decreasing by 25% in the more mature zones of fully elongated Internode 4 (Fig. 3B) . SbSUT5 was most highly expressed in the recently elongated zone of elongating Internode 10 and in the least mature zone of fully elongated Internode 4 (Fig. 3C) .
TSTs are capable of transporting Suc into rice, Arabidopsis, and sugar beet vacuoles (Cho et al., 2010 ; A, SbSUT1 at pH 5.6. B, SbSUT1 at pH 7. C, SbSUT5 at pH 5.6. D, SbSUT5 at pH 7. Currents were recorded under voltage-clamped conditions at a membrane potential of 2117 mV. A Michaelis-Menten curve was fitted to each data set, which was then normalized to V max and plotted against the substrate concentration. E and F, Voltage dependence of SUT affinity for Suc. E, SbSUT1 Suc affinities at membrane potentials from 2137 mV to 220 mV. F, SbSUT5 Suc affinities at membrane potentials from 2137 mV to 220 mV. Mean 6 SD (vertical bars) of three to five oocytes. Schulz et al., 2011; Jung et al., 2015) . Since TSTs were highly expressed in stem internodes of a sweet compared to a grain cultivar at anthesis (Bihmidine et al., 2016) , their expression was quantified within developmental zones as candidates responsible for loading Suc into SP vacuoles of Sorghum stems. Transcript levels of SbTST1 were similar in the transition and mature zones of fully elongated Internode 4 (Fig. 3D ), while SbTST2 exhibited maximal expression in mature regions (Fig.  3E ). SbTST3 transcript levels were largely undetected (data not shown).
Subcellular and Cellular Localization of SbSUTs
Tobacco leaf protoplasts transformed with SbSUT-GFP fusion constructs were analyzed by confocal laserscanning microscopy. Comparison of the position of fluorescence to that of chloroplasts was used to determine whether GFP was localized to the plasma membrane or tonoplast. For SbSUT1-GFP and SbSUT5-GFP, their GFP fluorescence was external to chloroplast position, suggesting a plasma membrane localization (Fig. 4 , A and E). Additionally, endomembrane-localized fluorescence was evident for SbSUT1-GFP (Fig. 4A ). In contrast, the subcellular localization of SbSUT4-GFP was on the tonoplast, as the GFP fluorescence signal was oriented inside of the position of chloroplasts (Fig. 4C ). AtPTR1 (Dietrich et al., 2004) and AtPTR2 (Weichert et al., 2012) were used as positive controls and localized to the plasma membrane and tonoplast, respectively (Fig. 4, B and D) .
Immunolocalization of the dicot SUTs StSUT1 and LeSUT1 to either the SE (Kühn et al., 1997; Barker et al., 2000) or CC (Schmitt et al., 2008) plasma membranes alone led to the conclusion that aldehyde-based fixatives may negatively impact the antigenicity of membrane proteins (Schmitt et al., 2008) . Hence, to assess any effects on antigenicity, two fixative solutions were tested on Sorghum tissue. Appropriate preimmune controls revealed no labeling of Sorghum sections (see Figs. 5 and 6 and Supplemental Fig. S6 ), indicating no cross-reactivity with unknown SE-specific epitopes as previously observed (Schmitt et al., 2008) and that immunolabeling by the antiserum was likely to be specific. Stronger immunolabeling with lower levels of background fluorescence within tissues fixed with Figure 3 . Expression of SbSUTs and SbTSTs in specified stem developmental zones of internodes at booting. Transporter transcript levels relative to SbEF1a measured within specified developmental zones of elongating Internode 10 and fully elongated Internode 4 (Supplemental Fig. S5 ). A, SbSUT1; B, SbSUT4; C, SbSUT5; D, SbTST1; E, SbTST2. Columns with vertical bars respectively represent the mean 6 SD of five biological replicates. "(a)" and "(b)" distinguish multiple transition and mature zones harvested at booting. The descriptors "transition" and "mature" refer to the extent of lignification/suberization predominantly in the inner regions of the internode (for further details, see Milne et al., 2015) .
ethanol-acetic acid, in comparison to those fixed with glutaraldehyde-paraformaldehyde (Supplemental Fig.  S7 ), led to the former being used to fix tissue samples for subsequent experiments. This observation is in agreement with observations made by Schmitt et al. (2008) .
SbSUTs were immunolocalized within inner vascular bundles, consistent with their primary function in transport. In contrast, outer vascular bundles mainly provide structural support to the stem (Milne et al., 2015) . Within the meristematic zone, SUTs were localized to the plasma membrane of PSEs ( Supplemental Fig. S8 ). In mature zones, where the apoplasmic pathway was restricted (Milne et al., 2015) , SUTs were localized to SE plasma membranes alone (Fig. 6 , B and C). Localization to CC plasma membranes was not evident in any of the sections examined. PEP2 labeling of starch granules in mesophyll cells (Fig. 5C ) and cell walls of protoxylem (Fig. 5, C and D) and metaxylem (Fig. 6B ) elements was considered to be nonspecific. Figure 4 . Localization of SUT-GFP-fusion proteins in tobacco leaf protoplasts. Confocal images of transformed protoplasts, chloroplasts false-colored magenta. A, C, and E, SUT-GFP merged with chloroplast fluorescence. A, SbSUT1-GFP (endomembrane localized fluorescence is also present; darts). C, SbSUT4-GFP. E, SbSUT5-GFP. Plasma membrane localization was observed in merged images A and E, where chloroplasts were positioned on the cytoplasmic side of the GFP fluorescence (arrows). Tonoplast localization was observed in C, where the GFP-fluorescent tonoplast was positioned on the cytoplasmic side of the chloroplast (arrow). B, AtPTR1-GFP plasma membrane control. D, AtPTR2-GFP tonoplast control. GFP excitation, 473 nm; emission, 487 to 521 nm. Chloroplast excitation, 559 nm; emission, 606 to 673 nm. Bar = 10 mm. 
DISCUSSION
Overall, Suc transporter expression, and hence probably transporter abundance (Walley et al., 2016) , tended to correlate with Suc accumulation in sweet Sorghum stems for SbSUT1, SbTST1, and SbTST2 (Fig. 3, A, D , and E; see Milne et al., 2015) . In contrast, expression levels of SbSUT4 and SbSUT5 were more abundant in elongating internodes peaking during the internode transition period and thereafter decreasing across the major phase of Suc accumulation (Fig. 3, B and C) . Here, a decrease in SbSUT4 expression is consistent with a shift to vacuolar accumulation of Suc (Milne et al., 2015) . These broad developmental shifts in transporter expression provide a framework for evaluating the role of Suc transporters, and in particular the SbSUTs, in phloem unloading and storage of Suc across key development phases of sweet Sorghum internodes informed by their transport properties and cellular/ subcellular localization patterns.
Functional Properties and Localization of SbSUTs
SbSUT1 and SbSUT5 fall into monocot-specific phylogenetic groups of the SUT family of Suc transporters (Milne et al., 2013) . Both proteins were shown to function as Suc/proton symporters dependent on an inward-directed proton motive force (pmf; Bush, 1990) , as both components of the pmf, membrane potential and ΔpH, affected SbSUT Suc transport rates in the heterologous systems ( Fig. 1; Supplemental Fig. S2 ). Increased SbSUT transport rate in X. laevis oocytes at more negative membrane potentials, attenuated by a more alkaline external pH (Supplemental Fig. S2 ), indicates reliance on an inward directed pmf. Other monocot SUTs such as ShSUT1, HvSUT1, OsSUT1, and OsSUT5 also exhibited greater transport activity in oocytes at more negative membrane potentials (Sivitz et al., 2005; Reinders et al., 2006; Sun et al., 2010) . Treatment of yeast harboring SbSUT1 and SbSUT5 with protonophores (CCCP and DNP), capable of dissipating ΔpH by reducing proton gradients (de la Peña et al., 1982; Gasková et al., 1998) , reduced Suc uptake by SbSUT1 (;65%) and SbSUT5 (;90%), indicating Suc transport by both SUTs relies on proton coupling (Fig.  1F) . Proton coupling has been observed for other SUTs (Lemoine, 2000) .
Maximal transport activity of SbSUT1 occurred at pH 5 in yeast and oocytes; however, SbSUT1 activity in yeast was lower at pH 4 than at pH 5, even though the pmf is likely to be greater at pH 4 than pH 5. More acidic pH may physically affect outer face geometry of the SbSUT1 Suc-binding site, reducing the capability to bind and transport Suc. Reduction in activity from pH 5 to 4 was also observed for other SUTs such as AtSUT2 (Schulze et al., 2000) , AtSUT4 , DcSUT1, and DcSUT2 from carrot (Daucus carota; Shakya and Sturm, 1998), GmSUT1 from soybean (Glycine max; Aldape et al., 2003) , and PvSUT1 from French bean (Phaseolus vulgaris; Zhou et al., 2007) . Few SUTs display maximal activity outside the pH 4 to 5 range and SbSUT5 fits into this category, as maximal uptake occurred at pH 7 in yeast (Supplemental Fig.  S1 ). In oocytes, the greatest activity of SbSUT5 occurred at pH 5; however, SbSUT5 activity remained greater than SbSUT1 at more neutral pH values (pH 6 to 7; Supplemental Fig. S1 ). The closely related OsSUT5 also displayed somewhat similar pH dependence to SbSUT5 in oocytes (Sun et al., 2010) . A broad pH optimum from pH 4 to 6 was reported for AtSUC1 and PmSUC1 (Sauer and Stolz, 1994; Gahrtz et al., 1996) , and AtSUC9 showed highest activity above pH 6 (Sivitz et al., 2007) . In the absence of regulation by pH, we expect protoncoupled transporter activity to be stimulated by low pH since the driving force for transport (pmf) is increased. The pH independence of SbSUT5 suggests that its activity is negatively regulated by low pH. In contrast, SbSUT1 activity showed an optimum at low pH.
Changes in external pH and membrane potential causing a reduction in pmf resulted in a reduction in Suc affinity of SbSUT1 (Fig. 2) , similar to observations made for SUTs, such as ZmSUT1, HvSUT1, ShSUT1, and OsSUT1 (Carpaneto et al., 2005; Sivitz et al., 2005; Reinders et al., 2006; Sun et al., 2010) . In contrast, the SbSUT5 Suc affinity was maintained independent of external pH and membrane potential, somewhat similar to observations made for OsSUT5 (Sun et al., 2010) . SbSUT1 affinity may be more responsive to changing pH and membrane potentials in planta, whereas SbSUT5 may operate with similar affinity irrespective of pH and membrane potential. Interestingly, the SbSUT1 maltose affinity showed a similar voltage dependence profile to that of Suc (data not shown). However, the maltose affinity of SbSUT5 was affected by pH and membrane potential, indicating that this transporter may interact with maltose slightly differently than Suc (Supplemental Fig. S3 ). Since maltose and Suc consist of a Glc moiety linked to either a Glc or Fru moiety, respectively, it is likely that the SUT binding site interacts with both of the moieties, as different transport properties were observed for the two disaccharides.
The substrate specificity of SbSUT1 closely resembles that of other monocot SUT1s from rice (Sun et al., 2010) , sugarcane (Reinders et al., 2006) , and barley (Sivitz et al., 2005) . Similarly, SbSUT5 exhibited the same substrate specificity as OsSUT5 (Sun et al., 2010) . Substrates that were capable of being transported by SbSUTs contained a Glc moiety; however, the monosaccharide Glc was not transported (Supplemental Fig.  S4 ). Specific amino acids of OsSUT1 contributing to its substrate specificity (Reinders et al., 2012) are conserved among SbSUT1, OsSUT1, ShSUT1, and HvSUT1. Significantly, these four transporters share almost identical substrate specificities. In contrast, four of these five amino acids differ between SbSUT1 and SbSUT5 sequences, possibly accounting for their slightly different substrate specificities.
Within all examined developmental zones of the Sorghum stem, SUTs were localized to the SE plasma membrane (or PSE plasma membrane in meristematic/ elongating regions) similar to observations in a wheat internode (Aoki et al., 2004) . Only within elongating and recently elongated zones, transitory localization to SP cells was observed (Figs. 5 and 6; Supplemental Fig.  S8 ). Rice SUTs were immunolocalized to both SE and CC plasma membranes along the pathway from source leaves to developing grains (Scofield et al., 2007) . Sugarcane SUTs were immunolocalized to SE-CCs and cells surrounding vascular bundles, respectively, by two different antisera (Rae et al., 2005) . It is likely SUTs localized to either SE or CC plasma membranes of the metaphloem will retrieve leaked Suc to maintain high concentrations within the phloem for long-distance transport. SUTs localized to cells surrounding vascular bundles in sugarcane are likely to reload leaked Suc to the radial symplasmic compartment (Rae et al., 2005) . Depending on the cytoplasmic and apoplasmic Suc concentrations combined with membrane potential difference, PSE-localized SUTs may mediate Suc efflux to the phloem apoplasm via reversal of transport direction (as demonstrated for ZmSUT1; Carpaneto et al., 2005) .
Functions of Sugar Transporters Where Apoplasmic Unloading May Occur in Stems
Within meristematic and elongating zones of sweet Sorghum stems, an apoplasmic continuity, and hence a potential apoplasmic phloem unloading pathway, extends from the phloem to SP cells (Milne et al., 2015; Fig. 7, A and B) . For the meristematic zone, phloem unloading is confined to PSEs, some of which were accompanied by CCs similar to other monocot stems (e.g. Ervin and Evert, 1967) . If the PSEs were symplasmically isolated, as found for PSEs in stems of P. vulgaris (Wood et al., 1998) , then Suc will exit PSE lumens across their plasma membrane.
In the absence of energy-creating CCs (Lalonde et al., 2003) , the membrane potential and hence pmf of the PSEs will be low (Carpaneto et al., 2005) . Under these conditions, the outward-directed gradient in chemical potential energy generated by the transmembrane difference in Suc concentration across the PSE plasma membrane could exceed that of their pmf, thus reversing Suc/proton symport to an efflux mode (Carpaneto et al., 2005) . Hence, the PSE localized SbSUTs may unload Suc by a reversed transport function ( Fig. 7A ; Carpaneto et al., 2005) . The Suc concentration gradient could be maintained by extracellular invertase activity hydrolyzing apoplasmic Suc to Glc and Fru (Fig. 7A) . In support of this assertion, cell wall invertase activity has been detected in intercalary meristems of sugarcane stems (Grof et al., 2014) , and an extracellular invertase specifically localizes to cell walls of PSEs in tomato ovaries (Palmer et al., 2015) . Additionally, acid invertase activity was greater in elongating Sorghum cv Rio compared to elongated internodes (Lingle, 1987) .
When CCs are associated with PSEs in meristematic and elongation zones, the CC-localized proton-ATPases generate membrane potentials and pmfs in excess of 2100 mV (Hafke et al., 2013 ) that drive PSE localized SUT-mediated Suc retrieval from the phloem apoplasm into the PSE lumen ( Fig. 7B ; Carpaneto et al., 2005; Srivastava et al., 2008; Gould et al., 2012) . Under these conditions, energy-independent Suc transporters (SWEETs; Chen et al., 2012) could mediate Suc efflux to the stem apoplasm down the Suc concentration gradient (Fig. 7, A and B) . In this context, SbSWEET13A was highly expressed in stem internodes (Bihmidine et al., 2016) , and transcript profiling of a Setaria viridis internode revealed that SvSWEET15 (closely related to OsSWEET15) was highly expressed in the intercalary meristem and elongation zone (Martin et al., 2016) . SvSWEET15, like SbSWEET13A, falls within the SWEET Clade III that preferentially transports Suc (Chen et al., 2012) . Significantly, Clade III members AtSWEET11 and AtSWEET12 are expressed in phloem parenchyma cells of transport phloem in Arabidopsis stems where they could perform an unloading function (Le Hir et al., 2015) . To avoid a futile cycle of Suc unloading from, and reloading into, the SE-CCs (Hafke et al., 2013) , the released Suc could be hydrolyzed by a cell wall invertase ( Fig. 7B ; Grof et al., 2014; Palmer et al., 2015) .
Hexose transporters are expressed in sugarcane stems (Casu et al., 2003) and throughout developmental zones of S. viridis stems (Martin et al., 2016) . Since SbSUTs were not localized to SP cells of the meristematic zone, the hexoses accumulated in intercalary meristems of Sorghum stems (Milne et al., 2015) may result from hexose-mediated transport (Fig. 7, A and B) .
A portion of the SP accumulated hexoses may enter the Suc biosynthesis pathway as indicated by expression of sucrose-phosphate synthase and sucrose-phosphate phosphatase genes across internode development of S. viridis (Martin et al., 2016) . The synthesized Suc could be transported into vacuoles of the SP mediated by TSTs (Fig. 7, A and B ). Suc cleavage, followed by hexose transport from the apoplasm into storage cells and resynthesis of Suc in their cytoplasm is considered to be futile cycling (Rohwer and Botha, 2001; Uys et al., 2007) . However, SbSUT4 was more highly expressed than SbTSTs in the meristematic zone. This could signify a greater Suc release from vacuole to cytosol, which may in turn be converted to hexoses to fuel stem growth.
SbSUTs Retrieve Suc during Symplasmic Unloading in Maturing Internode Zones
Phloem unloading becomes symplasmic in maturing Sorghum stems (Fig. 7D) , as heavy lignification and suberization of sclerenchyma sheath cell walls Figure 7 . Predicted pathways and mechanisms of Suc unloading in elongating, recently elongated, and mature zones of Sorghum internodes. Bulk flow of photoassimilates is likely to be in an acropetal direction during internode elongation (Patrick, 1972) . A and B, Unloading occurs through an apoplasmic pathway in meristematic and elongating zones. Suc is effluxed from the phloem by SUT reversal (where CCs are absent) or facilitated by SWEETs. Suc may be cleaved to hexoses by cell wall invertase (CWIN) and transported into SP cells by hexose transporters in A and B. Suc may also be imported into SP cells by SbSUTs in B. C, Unloading in the recently elongated zone may occur by a combination of symplasmic and apoplasmic transport, with SbSUTs localized on phloem and SP cell plasma membranes. Suc may be effluxed from phloem parenchyma (PP) by SbSWEETs. D, A symplasmic unloading pathway from SEs to SP cells is required to by-pass the apoplasmic barrier in the sclerenchyma sheath cell wall (Milne et al., 2015) . Suc transporters on the SE-CCs are likely to retrieve leaked Suc. Suc leakage to the SP apoplasm may occur. In each developmental zone of the internode, tonoplast monosaccharide transporters (TSTs) and SbSUT4 may mediate Suc influx into and efflux from vacuoles. Heavy black arrows represent Suc movement, heavy blue arrows represent water movement. SbSUTs and SbTSTs are color coded according to their level of expression. 1, SbSUT1; 4, SbSUT4; 5, SbSUT5; gluc, Glc; fruc, Fru; CWIN, cell wall invertase; H, hexose transporter; PP, phloem parenchyma; S, SWEET; SS, sclerenchyma sheath; suc, Suc; T, tonoplast monosaccharide transporter; V, vacuole.
surrounding vascular bundles form a barrier to radial apoplasmic solute movement (Milne et al., 2015) . Based on the assumption that similar turgor pressures are present in stem SEs to those measured in barley roots (;1.0 to 1.3 MPa; Gould et al., 2004) , unloading by bulk flow could be supported by a hydrostatic pressure difference between SEs and SP (Moore and Cosgrove, 1991; Fig. 7, C and D) .
Transporters such as SUTs likely play a key role in turgor homeostasis to maintain unloading by bulk flow (Patrick, 2013a) . A strong pmf of the metaphloem SE-CC complexes (Hafke et al., 2013) in both the recently elongated zone and maturing zone would drive SUTmediated retrieval of Suc leaked to the phloem apoplasm. Higher SbSUT transcript levels compared to those in the meristematic and elongating zones (Fig. 3) , along with SbSUT localization to SEs (Supplemental Fig. S8 ), suggest a developmentally programmed increase in Suc retrieval by SE-CC complexes (Fig. 7, C and D) . Based on their relative transcript levels, SbSUT5 is predicted to be the predominant transporter supporting Suc retrieval in the recently elongated stem zone to be replaced by SbSUT1 in the mature stem zone. In addition, their high Suc affinities suggest that these SUTs function effectively in Suc retrieval from the phloem apoplasm predicted to contain low Suc concentrations (Welbaum et al., 1992) . Interestingly, SbSUT5 expression was greater in the higher Suc storing stems of sweet versus grain Sorghum cultivars (cv Rio and cv BTx623, respectively; Milne et al., 2013) . Hence, SbSUT5 expression levels may correlate with stem Suc storage capacity (Milne et al., 2015) , but this may not be universal (Bihmidine et al., 2015) .
SbSUTs immunolocalized to SP plasma membranes in the recently elongated zone (Supplemental Fig. S8 ) may function to retrieve leaked Suc for vacuolar storage (Fig. 7C) . Plasma membrane localization of SbSUTs in SP cells was not observed beyond this developmental point (Fig. 7C versus Fig. 7D ). Their absence could elevate Suc leakage to the SP apoplasm underpinning the observed SP turgor homeostasis during the major phase of Suc accumulation (Moore and Cosgrove, 1991) .
Cellular localization of the tonoplast SbSUT4 has not been definitively demonstrated; however, the most likely cellular localization for SbSUT4 would be the SP cells. High and matching transcript levels of SbSUT4 compared to combined SbTST1 and SbTST2 levels in maturing stems (Fig. 3) are consistent with an elevated Suc turnover between vacuole and cytosol (Fig. 7, C and D) . This may be part of a futile cycle of Suc as observed in sugarcane stems (Rohwer and Botha, 2001) . As development proceeds, SbSUT4 transcripts decline and SbTST transcripts increase (Fig. 3) in step with Suc accumulation (Milne et al., 2015; Martin et al., 2016) . Preferential SbTST1 and SbTST2 expression in sweet Sorghum over grain Sorghum putatively contribute to higher sugar accumulation (Bihmidine et al., 2016) . A similar scenario applies to sugar beet taproots, where expression of BvTST2.1 increased with Suc content (Jung et al., 2015) . It remains to be determined whether SbTSTs are capable of transporting Suc.
CONCLUSION
SbSUT1 may reverse to efflux Suc from the deenergized PSEs in the stem intercalary meristem and during the accelerating phase of stem elongation. Subsequently developed metaphloem SE-CC complexes contain a higher abundance of SbSUT5, or SbSUT1 when approaching maturity, which function to retrieve leaked Suc back into SE-CC complexes, thus maintaining the turgor pressure differential to drive symplasmic unloading by bulk flow.
MATERIALS AND METHODS
Plant Growth
Sorghum cultivar Rio seeds were germinated and grown in 10-L pots under glasshouse conditions (Milne et al., 2013) . Tobacco (Nicotiana tabacum cv Xanthi), used for subcellular localization studies, was grown under the same environmental conditions as Sorghum. Here 20 to 30 tobacco seeds were germinated in 10-cm square pots. Three weeks postgermination, seedlings were thinned to two plants per pot.
Yeast [
C]Suc Uptake Procedures
Saccharomyces cerevisiae strain SEY6210 (Robinson et al., 1988) was transformed with the full-length coding sequence from SbSUT1, SbSUT4, or SbSUT5, cloned by PCR (Milne et al., 2013) , and ligated into the yeast expression vector pDR196 (Rentsch et al., 1995) . SEY6210 transformed with the empty pDR196 vector served as a negative control.
Transformed yeast were cultured in minimal medium (1.72 g/L yeast nitrogen base, 5 g/L ammonium sulfate, 2% w/v Glc, 0.02 g/L His, 0.3 g/L Lys, 0.1 g/L Leu, and 0.03 g/L Trp) to early logarithmic phase (OD 600 of 0.8 to 1.0), washed in 25 mM MES-HEPES buffered at specified pH values (pH 4, 5, 6, 7, and 8) and resuspended to an OD 600 of 20. Three technical replicates of yeast were kept in suspension by orbital shaking at 150 rpm for 10 min at 30°C. Thereafter, the cells were energized with Glc (final concentration 10 mM) or ethanol (final concentration 100 mM), with specified metabolic inhibitors 30 s later. Following a further 30 s, 0.5 mCi of [ 14 C]Suc (Perkin-Elmer), of known specific activity in a specified concentration of carrier Suc buffered with 25 mM MES-HEPES, was added. After incubation with shaking for specified times, 100 mL of yeast cells were collected onto Whatman GF/C glass fiber filters (ThermoFisher) under vacuum. Filters were rapidly washed three times with 5 mL of ice-cold Suc solution, placed into scintillant (Optima Gold; Perkin-Elmer) and incubated overnight in the dark. Thereafter, disintegrations per minute, and hence Suc content, of each sample was determined using a Packard Tri-Carb 2100TR scintillation counter (Perkin Elmer).
Functional Characterization of SbSUTs Expressed in Xenopus laevis Oocytes
SbSUT1, SbSUT4, and SbSUT5 were amplified from the pGEM-T Easy vector (Promega; constructs described in Milne et al., 2013) with specified primers (Supplemental Table S1 ) and cloned into pENTR1A (Life Technologies) at the BamHI and EcoRI restriction sites. Each SUT gene was then recombined into the destination oocyte expression vector, pOO2/GW (Sun et al., 2010) , using LR clonase recombinase according to the manufacturer's protocol (Life Technologies). SUT sequences were confirmed by Sanger sequencing. Thereafter, plasmids were linearized with MluI restriction enzyme (New England Biolabs) to transcribe SUT complimentary RNA driven by the SP6 promoter using the Ambion mMessage mMachine kit according to the manufacturer's protocol (Life Technologies).
Oocytes were harvested, prepared, and injected with complimentary RNA (Sivitz et al., 2005) . Two to four days postinjection, oocytes were placed in a recording bath and submerged in modified Na-Ringer solution (MES-Tris Ringer; 115 mM NaCl, 1 mM KCl, 1.8 mM CaCl 2 , 1 mM CaCl 2 , and 5 mM MESTris at appropriate pH). Recording pipettes, filled with 1 M KCl with resistances between 1 and 3 megaohms, measured currents using the two-electrode voltage-clamp technique (Sivitz et al., 2005) . Substrate-dependent currents were obtained by subtracting an averaged background current before and after the provision of substrate.
Quantifying Transcript Levels of SbSUTs and SbTSTs
Tissue samples were harvested from Internodes 4 and 10 at booting (Supplemental Fig. S5 and Supplemental Materials and Methods) and snapfrozen in liquid nitrogen. Tissue disruption, RNA isolation, genomic DNA digestion, cDNA synthesis, and SbSUT expression quantification were performed as described by Milne et al. (2013) . Primers for SbTST expression quantification are shown in Supplemental Table S1 .
Subcellular Localization
C-terminal SUT-GFP fusions in the pMDC85 vector (Curtis and Grossniklaus, 2003) were isolated using the Plasmid Maxi Kit (Qiagen) in accordance with the manufacturer's protocol and transformed into tobacco mesophyll protoplasts using PEG-mediated transformation (see Supplemental Materials and Methods for details). AtPTR1-GFP (Dietrich et al., 2004) and AtPTR2-GFP (Weichert et al., 2012) were kindly provided by Prof. D. Rentsch (University of Bern) to serve as positive controls for plasma membrane and tonoplast localization, respectively. Protoplasts were imaged with an Olympus FV1000 confocal laser-scanning microscope equipped using a 603/1.2 NA UPLSAPO oil immersion objective lens (Olympus). GFP fluorescence was observed by excitation with the 473-nm laser and emission between 487 and 521 nm. Chloroplast autofluorescence was observed by excitation with the 559-nm laser and emission between 606 and 673 nm.
Immunolocalization
Tissue segments were harvested from fully elongated Internode 4 and elongating Internode 10 at booting (Supplemental Fig. S5 ), fixed in ethanolacetic acid (3:1 v/v) and vacuum infiltrated. Samples were dehydrated before infiltration with LR white resin (ProSciTech) and polymerization at 60°C (full details in Supplemental Materials and Methods). Serial sections (1 mm) were cut on glass knives and transferred to drops of Milli-Q H 2 O on 0.5% (w/v) gelatincoated slides and dried at 40°C. Chloroform was waved over the top to flatten the sections.
For immunolocalization, stem sections were probed with polyclonal PEP2 antiserum provided by Dr. R. Furbank (CSIRO; Bagnall et al., 2000) , raised against a highly conserved region of the first cytoplasmic loop of StSUT1 (87-106: GYYSDNCSSRFGRRRPFIAA) that possessed 65% sequence identity to SbSUT1, 56% sequence identity to SbSUT4, and 80% sequence identity to SbSUT5. Hybridization of PEP2 antibody with SbSUTs was verified by detecting a band corresponding with the estimated SbSUT size of ;50 kD in a microsomal protein fraction isolated from yeast cells separately harboring SbSUT1, SbSUT4, and SbSUT5, but not yeast transformed with the empty vector pDR196 (Supplemental Fig. S9 ). Additionally, PEP2 antibody hybridized with ;65 kD band in a western blot of isolated Sorghum microsomal proteins (Supplemental Fig. S10 ). The slightly larger molecular size compared to that detected in yeast may be attributable to different posttranslational modifications in plant versus yeast cells. Sections were blocked with Tris-buffered saline plus Tween 20 (TBST)-1% (w/v) BSA at room temperature for 1.5 h prior to exposure to primary antibody PEP2 (diluted 1:50 with TBST-BSA) at 4°C for 18 h. Sections were rinsed four times, 10 min for each wash, with TBST-BSA. Thereafter, secondary antibody (dilution 1:100 goat anti-rabbit fluorescein isothiocyanate in TBST-BSA) was applied for 2 h at room temperature. Washing was performed as previously described, followed by two additional washes in TBST. Sections were mounted in antifade medium (nine parts Mowiol, one-part p-phenylene diamine) and viewed under fluorescence optics of an Axioscope A1 with the Filter Set 09 (Carl Zeiss; excitation 450 to 490 nm, long-pass emission above 515 nm). UV autofluorescence was observed with the Filter Set 02 (Carl Zeiss; excitation 365 nm, long pass emission above 420 nm).
Accession Numbers
Sequence data from this article can be found in the GenBank/Phytozome data libraries under the following accession numbers: SbSUT1, KY287229; SbSUT4, KY287232; SbSUT5, KY287233; SbTST1, Sb01g030430; SbTST2, Sb04g008150; SbTST3, Sb10g031000; StSUT1, CAA48915; AtPTR1, At3g54140; and AtPTR2, At2g02040.
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